Abstract-Oxygen saturation is a key parameter for assessing a patient condition. The present work aims to develop a stand-alone pulse oximeter and photo plethysmographic system. In addition, it incorporates a force sensor and a set of accelerometers to measure the contact force and the finger height offset relatively to the heart. Both the design of hardware and the development of firmware are presented. Currently, the system is able to retrieve a stable photoplethysmographic waveform and compute the oxygen saturation in real time. Signals acquired in a healthy subject led to a value of 91.5±1.1 %. Both the height offset of the finger and the contact force between the finger and the probe proved to have influence in the photoplethysmographic waveform as well as in the oxygen saturation results.
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I. IN TRODUCTION
The human being has a permanent need for oxygen (02), as it is the ultimate need for cell functioning. The O2 is carried from the lungs to the tissues in a oxygen-binding protein contained within the red blood cells -the haemoglobin. Different species of haemoglobin exist in human blood. The most important ones are oxyhaemoglobin (Hb02) and reduced haemoglobin (Hb), haemoglobin with and without bound O2, respectively. These are called the functional haemoglobin species, since they are the ones that fulfil the haemoglobin main purpose -oxygenation of tissues [1] .
Photoplethysmography (PPG) measures volume changes of blood in the finger using a light source that is targeted to the tissue and a light detector that receives the transmitted or reflected light [2] . Pulse oximetry combines the basic principles of PPG and spectrophotometry. By measuring the absorbance of light of different wavelengths and making use of the pulsatile nature of arterial bloods, it estimates the haemoglobin species concentrations and thus, the oxygen saturation (Sp02) of arterial blood [3] .
In PPG, there is a constant light attenuation due to non pulsatile arterial blood, venous blood and other tissues (e.g. muscle, bone or skin) -DC component. Over that, there is a variable attenuation -AC component -which is function of the optical path length changes during the cardiac cycle. Assuming that blood has only Hb02 and Hb (they totalise 97% of all haemoglobin species) and using light of two wavelengths (red and infrared), the Sp02 can be computed according to (1) [3] .
where f is the molar extinction coefficients of Hb and Hb02 for the red (AR) and infrared (AIR) wavelengths. R a s, called the Ratio of Ratios, is computed according to (2) .
where h and I H are the light intensity reaching the photode tector during the systole and at the end of the diastole.
The present work aims to develop a PPG system with pulse oximetry. Furthermore, the system is expected to record information about the patient finger offset relatively to the heart and the external force applied by the PPG probe in order to understand the effect of these parameters in Sp02 computation. Several studies have shown the influence of both hydrostatic level and contact force in PPG signal and Sp02 measurements [4] - [6] . Moreover, the inclusion of measuring devices for these variables is a methodology that has been used by other groups, mainly in an attempt to measure arterial blood pressure [7] - [9] .
II. ME THODS

A. Instrumentation
The developed system has three main units: the PPG sensor and its signal conditioning circuitry to retrieve pulsatile blood signal; two accelerometers to compute the finger height rela tively to the heart; and a force sensor to measure the external force applied by the finger probe. 1) Photoplethysmography: The probe used in this work is a commercial model (S0076B-L from BCI) composed of two light emitting diodes (LEDs) -one red (R) (A = 660 nm) and another infrared (IR) (A = 905 nm) -and a photodiode. The overall system is shown in Fig. 1 .
Since there are two LEDs and only one photodetector, the LEDs are polarized is opposite phase. Their bright is controlled by a LED driver that supplies a constant current, thus maintaining a constant light intensity through each LED and avoiding the photodetector saturation. The silicon photodiode is operated in the photovoltaic module. This configuration has some advantages as reduced noise (due to the absence of dark current) and linearity. A differential transimpedance amplifier is then used. The outputs of two transimpedance amplifiers are fed into a differential amplifier, resulting in reduced noise.
Due to the pulsed LEDs signal, voltage at output of the transimpedance module is proportional to the light acquired with red illumination during a time period of T!2 and with infrared illumination during the following T/2. This means that it is modulated. Moreover, different amplification gains and DC level shifts require channels separation. Therefore, two sample-and-hold (S/H) circuits are used, one for each channel. Each S/H is responsible for sampling the signal when the respective LED is ON. After this channel separation by the SIR, signal filtering to remove the square modulation is possible.
Signal conditioning is split in two ways. First, a signal with both DC level and AC variations is obtained. This is useful to compute the Sp02, since that requires the knowledge of PPG signal maxima and minima from both channels (recall (2)). As the PPG signal is composed by a small AC signal (typically only 1-2% of the whole signal amplitude [10] ) imposed on a large DC baseline, an instrumentation amplifier is used to remove that DC baseline. The voltage level to be removed is set via a digital potentiometer. Also, that small AC component is amplified with the same instrumentation amplifier, being the gain set by a digital rehostat. Both are adjusted in real time by the MCU. Second, an AC-conditioned signal with just the pulsatile component is also acquired. It produces a good signal for waveform display since it intrinsically removes the DC level which has constant low frequency oscillations due to physiological responses [11] . After the signal has been AC filtered, subsequent gain is required. Once again, gain is defined by the MCV via a digital potentiometer used in the rehostat mode. Fig. 2 . Accelerometric module. By measuring the arm and forearm lengths (Larm and L f orearm) and both orientations ('{Jarm and '{J f orearm), as well as the distance between the heart and the shoulder (Lheart), the total height between the finger and the heart can be computed.
Maxima and minima voltages of each channel are required to compute the Sp02. However, real time identification of ex trema is quite heavy to do recursively in the MCU. Therefore, a two stage active peak detector was implemented. Two identical peak detectors are used: one for the signal maximum (systolic peak) and other for the signal minimum (end of the diastole). An analogue switch is used to control the reset timing so that each new cardiac peak and valley can be accurately sampled. A set of hardware operations was designed to allow the system to "know" when a peak or valley has occurred. This set of operations include signal filtering, differentiation, analogue comparison and triggering an interrupt signal. This way, sampling and reset of the peak and valley detector are synchronised with the cardiac cycle.
2) Hydrostatic Level: Since height offset of the measured point (the finger, in this case) and the heart is a variable of interest, an accelerometric module was employed in the system. The module comprises two 3-axis accelerometers, placed in the two major segments of the upper limb: arm and forearm. It allows for the determination of the orientation of these segments and, by measuring their length, it is possible to compute the increase or decrease in height.
3) Contact Force: In order to measure the force that is be ing applied by the PPG probe on the finger, a force sensor was included in the system -a Force Sensing Resistor ® (FSR ® ), from Interlink Electronics. The force sensor is attached to the PPG finger probe, over the inferior side and aligned with the probe axis.
The FSR ® has a resistance that varies according to the applied force. Therefore, it requires a few signal conditioning to convert that resistance to a measurable voltage. That is accomplished using a current-to-voltage converter consisting of an inverting operational amplifier, being the FSR ® the input resistor.
B. Firmware
For the system to be stand-alone, it must compute Sp02 and present the PPG curve in real time. Moreover, all components must be synchronized, mainly the LEDs switching and the signal sampling. Therefore, a MCV was employed as the system "heart".
1) LEDs timing and PPG signal sampling: As seen, the LEDs work in opposite phase. That is accomplished with a Timer/Counter, which generates two square waves. A period of operation is defined and both at half and at the end of the cycle, the MCV toggles two digital pins that supply the LEDs. In the middle of the ON period of each LED, the respective signal must be sampled. That is done making use of two interrupt flags triggered by the same Timer/Counter that call two sampling routines.
2) Oxygen saturation computation: For the Sp02 to be computed, only maxima and minima of the PPG signal need be known. Those values are provided by the peak and valley detector once in each cardiac cycle. Recalling (2), it can be noticed that any gain prior to DC shift: is irrelevant to the com putation, since it cancels in the numerator and denominator. However, when a voltage is subtracted to the signal, Ros is changed. Therefore, when the gain or the offset values are generated by the digipot in the signal conditioning module, they must be stored. Those values are used for posterior signal reconstruction, in order to get an accurate Ros. So, in practice, Ros is computed according to (3) . Subsequently, the Sp02 is computed following (1).
In L a s
Ifl / G IR + V6� where G R and G I R are the amplifier gain for the red and infrared channels, vts and V6� are the offset shifts, h are the systolic voltage levels and I H are the diastolic ones.
3) Heart Rate computation: An obvious source of informa tion to Heart Rate (HR) computation is the signal from extrema identification since the peak and valley detector generates an interrupt signal on each systolic peak and dicrotic valley. This way, an interrupt is used to restart a Timer/Counter that measures the time interval between systoles, thus measuring the cardiac period.
4) Hydrostatic Level Measurement:
The finger height offset is measured from the 3-axis accelerometers. In 3-axis ac celerometers, roll (i.p) gives the tilt of the subject limb (y-axis of the accelerometer) relatively to the ground. That angle can be computed according to (4) [12] .
i.p = atan2 (ay, Va;' + a;) (4) where ax, ay and az are the accelerometer output of the three axes. The height h from the finger to the heart is then computed using the vertical projection of the angle i.p over a known distance L (the arm or forearm length), as Fig. 2 schematises. Mathematically, that relation is described by (5), which is implemented in the MCV firmware.
where Lheart is the vertical distance between the heart and the shoulder (point of rotation).
5) Contact Force Measurement:
In opposition to the ac celerometers, which give a calibrated output and communicate digitally with the MCV, the FSR ® is an analogue sensor. Therefore, calibration and ADC conversion are required. A calibration set-up was developed, using a computer con trolled linear actuator, the Zaber T-LA 28A. The calibration curve was defined using a curve fitting. That curve is then used to transform the acquired voltage to force.
C. Signal Acquisition Protocol
To test the designed system, acquisitions were done on one healthy subject. All signals were acquired with a sampling rate of 500 Hz. Three different protocols were followed to test the three different modules, as subsequently described. J) Photoplethysmography: Signal was acquired at the end of the conditioning circuit during 145 seconds. Peak and valley detector voltages were then used to compute Ros according to (3) , which is then used in (1).
2) Hydrostatic Level: Acquisitions were done with intervals of 60 seconds for each finger height relatively to the heart, from -0.60 m (below the heart) to +0.80 m (above the heart). Both DC+AC and AC components of PPG signal were acquired, synchronised with the accelerometric results.
3) Contact Force: PPG acquisitions were made with a change in contact force approximately each 20 seconds. Both DC+AC and AC components were acquired simultaneously with the FSR ® output.
III. RESULTS
The hardware board and the firmware implemented in the MCV allow the system to acquire the PPG waveform and present the Sp02 value. Moreover, it is capable of retrieving the height offset and the contact force. In this section, these results will be presented.
A. Oxygen Saturation
For the tested subject, Sp02 of 91.5± 1.1 % (n= 142) was computed. This value is lower than the expected for a healthy subject, but reasonably stable considering that no moving averages were performed, as it happens in commercial devices.
B. Hydrostatic Level
To realise the effects of height alterations in the PPG signal, both DC+AC and AC components were acquired under the protocol described previously. Results are shown in Fig. 3 and indicate considerable changes in PPG signal with finger height. Namely, it is notorious an alteration in the DC level, which rises as the height increases, and a change in amplitude signal. There is also a change in PPG signal morphology, being the dicrotic notch loss of definition the most clear. Fig . 4 shows the evolution of the Sp02 during the ac quisition. Results show considerable fluctuations, especially after a step in height is changed and before stabilization has occurred. It is even possible to get values of -60% of Sp02, which do not have any clinical significance. The value of Sp02 was 81.6±24% (n=522), showing a low accuracy and a low precision. However, if pulses below 70% are assumed as miscomputed due to height change and discarded, the results improve to 88.4±7% (n=458).
C. Contact Force
Following the protocol referred earlier, signals of the force module were acquired and are show in Fig. 5 . It is noted that contact force strongly influences PPG signal. First, it affects the DC level. Namely, an increase in exerted force leads to an increase in DC level and vice-versa. Moreover, it leads to a change in PPG amplitude, which is visible in both AC+DC and AC component. As expected, AC component is much more stable than the DC+AC.
To understand if force variations and the consequent PPG signal alterations affect the Sp02, Fig. 6 shows its evolution. By its analysis, it is possible to realise that Sp02 varies in accordance with contact force changes, almost as a Sp02 plateau for each force value. The mean Sp02 was 86.8± 1.4% (n=84), which is lower than the value computed for the static contact force.
IV. DISCUSSION
A. Oxygen Saturation
The low Sp02 computed value may be explained by the non-calibration of the system. All commercial systems have an initial in vitro calibration, based on blood samples with varying O2 content. In the present work, computation is based in the Beer-Lambert law and considers only the absorption and transmittance of light. Moreover, it assumes a single path between the LEDs and the photodiode. However, this simplifications ignore the scattering effects [13] . When light scatter and nonlinear absorption are considered, Sp02 results tend to increase [3] .
Moreover, the PPG signal presents many oscillations which are visible even under normal physiological conditions. These oscillations may somehow affect the Sp02 value since signal amplitude is wrongly overestimated when the signal decreases and underestimated when the signal increases. If these mis computations are not similar in both channels, Sp02 values can be distorted [3] .
Furthermore. the results were taken from one subject. More subjects are required to realise if this deviation is systematic.
Although the value may be inaccurate. it remains quite con stant, even with large fluctuations of the DC+AC component (which exceeded 100% of signal amplitude in the acquired data). This seems to mean that the system has good precision and repeatability, although still lacking accuracy.
B. Hydrostatic Level
It was clear that the DC level was influenced by the finger height. This can be explained. at least partially. by the decrease in the venous blood that occurs when the finger is lifted. In fact. the lower the finger. the more blood tends to accumulate in the veins, as well as in the arteries. When the arm is raised. less blood accumulates and thus. the light is less attenuated and the signal is stronger.
Moreover, signal amplitude changes are due to the transmu ral pressure (PT 1VI ) . the difference between pressures inside and outside the arterial walls. It is known that the arteries compliance is maximal when PT 1VI is zero, i.e. when the arterial walls are at equilibrium the PPG amplitude is maximal [14] . When the finger is pointing downwards, internal pressure is dominant, partially because of the hydrostatic pressure due to the weight of the blood column above the measuring site. When the finger is raised. hydrostatic pressure begins to decrease, causing the PT 1VI to progress towards zero. Consequently, PPG amplitude increases. Eventually, PT 1VI will reach zero and, at that point. PPG amplitude is maximal.
Results from Fig. 5 seem to indicate that the zero-point was reached between 0.60m and 0.80m. However, it can be seen that amplitude does not increase continuously as it was expected and was obtained in other studies [4] . The rotation of the PPG probe may be assumed as the main reason for this.
The Sp02 values showed a large variation (6 times more than the ones obtained with the arm stabilized) and a somehow lower mean value. It is believed that the discrepancy is related to the arm movement. In fact, it is known that motion induces false hypoxemic levels. The reason is that motion causes movement of the venous blood (which is normally nonpulsatile), and consequently AC component is no longer due only to arterial pulsatile blood, being also due to venous blood. Therefore, since venous blood has a lower oxygen saturation, its mean value is reduced [15] . Recent studies [5] , [16] prove that this is still a limitation, even for modern pulse oximeters. The obtained values are consisted with the results of those studies, as some models commonly present values below 50%.
C. Contact Force
Results showed that contact force influences PPG signal. DC level variations can be due to the fact that compression of the finger reduces its thickness. Therefore, the light optical path length is reduced and more light reaches the photodetector. Other explanations might not be so obvious, such as alterations in scattering or some physiological responses. These are not well understood and were not object of this work.
Concerning the change in signal amplitude, it may be explained again by the change in PT!vI that results from the change in external pressure. Initially, pressure inside the arterial walls is greater than pressure on the outside. When contact force increases up to a certain point, AC amplitude increases. That point is the point when PT!vI approaches zero. After that point, external pressure becomes dominant and arterial occlusion starts to happen, leading to a decrease in PPG amplitude. Eventually, if the the external force increases until it completely occludes the artery, the pulsatile wave will disappear. This results are consistent with other studies [6] .
Pulse oximetry revealed Sp02 values dependent on the con tact force value, with Sp02 decreasing with increasing contact force. There is not much information about this variable in the literature. However, a study [l7] has reported changes in the R/IR ratio (an initial decrease followed by an increase) with increasing contact pressure, while a recent one [18] has found no significant Sp02 errors related to contact pressure in motionless conditions. Further tests are still required with the system described in the present work, as an explanation for the Sp02 decrease is still unclear.
V. CONCLUSION
The Sp02 results obtained form an healthy subject in static conditions lead to value lower than the expected (Sp02=91.5± 1.1 %), although PPG waveform is in agreement with the literature. The main explanation seems to be the non calibration of the system. Different hydrostatic heights led to changes in PPG signal, as alteration in DC level as well as changes in amplitude. This was attributed to changes in the blood volume accumulated in veins and to the changes in the transmural pressure. Also, a Sp02 decrease was found, presumably due to movement in the venous blood that appears as AC component.
Contact force also produced changes in PPG signal. Changes in DC level and amplitude were a consequence of the optical path length changes and of the transmural pressure, respectively. Again, a decrease of the Sp02 was found when increasing contact pressure.
